A short treatment with ethylenedinitrilotetraacetic acid to permeabilize bacteria for various antibiotics or treatment with the ribonucleic acid (RNA) synthesis inhibitor rifampin causes a slow degradation of 50S and 30S ribosomal particles and of the corresponding 23S and 16S ribosomal RNA species (about 25% in 1 h). The effects are additive such that the decay is about 50%o/h if rifampin is employed after permeabilization by ethylenedinitrilotetraacetic acid. The 5S ribosomal RNA and transfer RNA are essentially stable under these conditions.
A short treatment with ethylenedinitrilotetraacetic acid to permeabilize bacteria for various antibiotics or treatment with the ribonucleic acid (RNA) synthesis inhibitor rifampin causes a slow degradation of 50S and 30S ribosomal particles and of the corresponding 23S and 16S ribosomal RNA species (about 25% in 1 h). The effects are additive such that the decay is about 50%o/h if rifampin is employed after permeabilization by ethylenedinitrilotetraacetic acid. The 5S ribosomal RNA and transfer RNA are essentially stable under these conditions.
The antibiotic rifampin inhibits initiation of ribonucleic acid (RNA) chains in Escherichia coli without affecting the completion of nascent RNA chains (21) . By combining rifampin action and radioactive labeling methods, the synthesis rate of unstable messenger RNA (mRNA) (2, 7, 19) and the chain elongation rate of ribosomal RNA (rRNA) (3, 6) have been estimated. Those estimates, which have implications for the control of rRNA synthesis (2) , depend upon a complex evaluation of measured data and could be invalid if rRNA synthesized (completed) in the presence of rifampin is unstable. For this reason we have studied the stability of rRNA and transfer RNA (tRNA) in the presence of rifampin and after an ethylenedinitrilotetraacetic acid (EDTA) treatment such as was previously used to permeabilize bacteria for the antibiotic. The results indicate that rifampin as well as EDTA treatment induces decay of rRNA. The extent of this decay does not invalidate the previous measurements of the rRNA chain elongation rate, but it may have produced an overestimate of the rate of mRNA synthesis.
MATERIALS AND METHODS
Bacterial growth and radioactive labeling. and suspended in a 1:10 volume of either (14C-labeled culture) EDTA-PO4 buffer (6, 15) to make them permeable to rifampin or (3H-labeled culture) in PO4 buffer without EDTA. After 2 min at 37 C both cultures were diluted with 9:10 volume of prewarmed medium, and 2 min later (zero time) rifampin (Mann Research Labs) was added to the "4C-labeled culture (final concentration 60 ig/ml). In the experiment with rifampin alone, no centrifugation and resuspension procedures were used in exponential and treated cultures. Samples (1 ml) from both cultures were mixed, concentrated (20:1) by centrifugation, and lysed by addition to an equal volume of lysis mixture (2) at 100 C. After 30 s the clear lysates were cooled to and kept at 25 C.
Permeabilization by EDTA. The effectiveness of the EDTA treatment depends upon the ionic strength and the pH of the phosphate buffer. The concentration of EDTA is unimportant, but the absence of Mg2+, not the presence of EDTA, appears to be important since washing of bacteria with Mg2+-free buffer has the same but slower effect. Also the duration of the EDTA-treatment (between 1 and 4 min) has no significant effect. With decreasing ionic strength or increasing pH the bacteria become increasingly more permeable, but also increasingly more damaged. The damage is evident as spontaneous cell lysis and as reduced accumulation of RNA (RNA was measured as the absorbancy at 260 nm in alkali-soluble material after acid precipitation). To determine which conditions rendered the cells sufficiently permeable but had minimal deleterious effects on the bacteria, the pH was kept at 6.8 (pH of medium) and the concentration of the buffer was varied. For our bacteria and growth medium, a concentration of 0.1 M P04 buffer was found to be a compromise. At this concentration the time until all RNA chain initiation stops in the presence of 60 Mg rifampin per ml is 3 to 5 s (3), and the rate of accumulation of stable RNA (measured as percent increase per unit of time) is 10 to 15% below the steady-state rate during the first 10 to 15 min after termination of the EDTA treatment (by dilution with pre-warmed medium). Later the rate temporarily decreases further, presumably as a result of ribosome breakdown (see Table 2 ), until the culture recovers. With this treatment full permeabilization lasts for about 10 min.
Electrophoresis. Lysate (40 ul) from the mixed sample was electrophoresed (3 h at 12.5 V/cm on a 12-cm 2.3 to 8.0% polyacrylamide gradient gel in TEB buffer [20] at 4 C). The RNA in 1-mm slices of the gel was hydrolyzed in 0.5 ml of 0.2 N NaOH, and the radioactivity was counted after addition of 5 ml of a Biosolv 3-toluene mixture (Beckman Instruments) in a liquid scintillation spectrophotometer.
Sedimentation analysis. The bacteria in a portion of the mixed sample were suspended in 3.0 ml of Tris(hydroxymethyl)aminomethane (Tris)-magnesium buffer at 0 C (0.01 M Tris, 0.01 M MgCl, to pH 8.0) and disrupted by decompression in a French press. After addition of 60Mg of pancreatic deoxyribonuclease per ml, the debris was removed by centrifugation, and the resulting extract was dialyzed against a solution of 0.01 M Tris and 0.1 mM MgCl,, pH 8.0. The dialyzed extract was analyzed by zone sedimentation (6 to 30% sucrose gradient) in the same buffer. The acid-insoluble materials of each 1-ml fraction were collected on glass-fiber filters, and radioactivity on the filters was counted in 5 ml of toluene-based scintillation fluid.
Determination of RNA. Samples (1 ml) of the labeled bacteria were added to 2 ml of 1 M trichloroacetic acid at 0 C and collected on glass-fiber filters, and the acid-insoluble RNA was hydrolyzed with 1 ml of 0.2 N NaOH at 25 C overnight. A 1-ml volume of 0.5 M perchloric acid was added to each hydrolysate, and alkali-resistant materials (including deoxyribonucleic acid) were removed by membrane filtration. The radioactivity in 0.5 ml of filtrate was counted in 5 ml of a Biosolv 3-toluene mixture in a liquid scintillation spectrophotometer.
RESULTS
Electrophoretic separation of stable RNA species. Four species (23, 16, 5 , and 4S) of stable RNA were separated by electrophoresis as shown in Fig. 1 (exponentially growing cells represented by 3H label). During cell lysis, between 5 and 30% (average 15%) of 23S rRNA was cleaved; the cleavage products contaminated the 16S fraction (Table 1 , ratio 23S/16S). In the experiments described below, experimental (treated) cells were always lysed together with control (untreated) cells (both labeled with different isotopes). Hence, the isotope ratio in the 23S fraction was independent of this cleavage. The isotope ratios were also independent of differences in the shape of the peaks (e.g., Fig. lc ) in different gels. The distributions were not influenced by differential yields or losses of RNA species during sample preparation, since the electrophoresed samples were obtained by a method (2) that completely solubilizes bacteria, such that removal of debris, phenol extraction, or precipitation was not necessary. Labeled deoxyribonucleic acid is excluded by the gels.
Stability of rRNA during exponential growth. In the experiments described below, the relative stability of "stable" RNA species in rifampin-or EDTA-treated bacterial cultures was estimated by comparison with the (unknown) stability of these species in exponentially growing cultures. The absolute stability of RNA during exponential growth is not exactly known since it cannot be measured easily by current methods. For example, RNA turnover does not result in the immediate disappearance of labeled RNA during a "chase" (addition of excess unlabeled RNA precursors to the growth medium), since the labeled breakdown products are effectively recycled (re-incorporated). Although recycling can be prevented by inhibiting RNA synthesis, this could not be done for exponential cultures since inhibition of RNA synthesis induces breakdown of ribosomes (see below). Hence, only the differential stability of RNA species could be determined: during a chase, radioactive nucleotides decreased in the less stable and accumulated in the more stable RNA species.
Under our conditions of growth, the ratio of labeled tRNA to labeled rRNA did not significantly change during a chase lasting for two generations ( Table 1 ; compare ratio of 4S/total at 30 and 90 min after labeling). This indicates that both species have either equal or negligible tumQver rates. Since tRNA was stable even under conditions where extensive breakdown of rRNA was observed (see below), it is presumed that the turnover of rRNA and tRNA in exponential cultures is negligible. This is consistent with the previously observed constancy during a chase of the ratio of labeled RNA to labeled DNA (5) .
Effect of rifampin after permeabilization with EDTA. The stability of the different stable RNA species ("4C labeled during exponential growth) in the presence of rifampin after EDTA treatment was compared with the stability of 3H-labeled RNA during exponential growth (Fig. 1) . For this comparison, bacteria of the treated and untreated (control) cultures were lysed together, and the isotope ratios were then determined in the different RNA species after electrophoretic separation. Immediately after EDTA treatment and the addition of rifampin the isotope ratio (14C/3H) was the same for all species of RNA ( -~~0 10 20 Froct. no. aSee legend of Fig. 1 for procedures.
b Due to some breakdown of 23S RNA during bacterial lysis, the 23S RNA is underestimated and the 16S rRNA is overestimated (see footnote d below). c 5S and 4S RNA species were not completely separated (Fig. lc) . The expected ratio 5S/(23S + 16S) is 0.026. Accordingly, in experiment 1 (30 min), 228 counts/min were expected to be in 5S RNA (observed, 270 counts/min), suggesting that the 5S RNA is somewhat contaminated with tRNA, which causes an overestimate of 5S RNA but only a small underestimate (3 to 5%) of tRNA. eThe average observed ratio from the six distributions shown is 0.139. The average from 12 further distributions (not shown here) was 0.145. Thus, 14% of stable RNA is tRNA and 86% is rRNA.
' Distributions of experiment 2 are those illustrated in Fig. 1 (3H label).
ate ribosomal particles and analysed by zone sedimentation, showed the same isotope ratio for both ribosomal particles and tRNA (Fig. la,  insert) . Sixty minutes later, during which the 3H-labeled control bacteria were allowed to grow while the "4C-labeled bacteria were kept in the presence of rifampin, the isotope ratio in rRNA decreased by more than 50% (Fig. lb) , indicating significant rRNA degradation in the rifampin-treated culture. '4C label, which evidently represents rRNA degradation products, was found at positions between 23S and 5S RNA, suggesting that the rRNA had been degraded into fragments many of which were still acid precipitable. The degradation of 23S and 16S rRNA during rifampin treatment was paralleled by a disintegration of the whole ribosomal particle as seen from the sedimentation pattern (Fig. lb, insert) . Sedimentation analyses (Fig.  la and b inserts) with the label in protein ( [3H] and ["4C ileucine) rather than in RNA showed a similar decrease in the isotope ratio of 50S and 30S particles (not shown).
The isotope ratio in 5S rRNA and tRNA (Fig.  lc) was much less reduced, indicating that these species are more stable. Comparison of results from several similar experiments (Table  2) shows that the isotope ratio in tRNA decreased, on the average, by 5% within 60 min no matter how the cells were treated. This value may not be experimentally significant. (The greater decrease in the results illustrated in Fig.   1 is an exception [see footnote g to Table 2 ].)
If tRNA is stable, the breakdown of rRNA in the treated culture (relative to the untreated exponential culture) can be given by the quotient of the isotope ratio 23S/4S (Table 2) at 60 min, as well as by the quotient 23S (60 min)/23S (1 min). The first quotient requires electrophoresis of only a single sample (60 min), whereas the second quotient requires electrophoresis of two samples (1 and 60 min). With one exception the agreement between these two quotients is within 10% (Table 2) .
Although the rate of rRNA breakdown varied from experiment to experiment (Table 2 ; Fig. 2t , closed symbols), it is clear that rRNA breaks down at a significant rate while tRNA is essentially stable. In addition to being degraded into large fragments (as seen in Fig. lb) , rRNA from mature ribosomal particles was slowly degraded to acid solubility during rifampin treatment (Fig. 3) . Again there was considerable experimental variability.
Stability of rRNA in newly assembled ribosomes. To determine whether newly assembled, and thus perhaps incomplete, ribosomes are less stable, RNA was labeled immediately before and during min 1 after rifampin treatment. The results of such experiments give no indication of a different stability of new and old ribosomes (Fig. 2) , suggesting that after addition of rifampin enough ribosomal protein is made to form a Experimental procedures as described for Fig. 1 , except that in the rifampin (only) and EDTA (only) experiments, EDTA treatment and rifampin, respectively, were omitted. 14C label represents treated bacteria; 3H label represents exponentially growing bacteria.
b The isotope ratio method is most accurate if it is applied to a purified fraction of the RNA. Here the peak fraction is assumed to be the purest fraction. Determination of the isotope ratio from the integrated peaks would introduce greater errors due to greater background contribution and inclusion of 14C breakdown products in the trail of the peak as shown in Fig. lb. c Distribution illustrated in Fig. la . dDistribution illustrated in Fig. lb. e In the 1-min distributions the ("4C/3H) ratio in tRNA (4S) is about 10% higher than the ratio in rRNA (23S),
i.e., the quotient of the ratios (23S/4S) is about equal to 0.9 rather than 1.0. This is presumed to reflect substitution of 5-3H label in some uracil residues of tRNA (e.g., pseudo-uracil formation). ' The italicized values of the quotients 23S (60 min)/23S (1 min) and 23S (60 min)/4S (60 min) are both a measure of the stability of rRNA; they would be equal if tRNA were completely stable. The differences may be experimental errors.
'In this experiment the isotope ratio in tRNA decreased by 22% during 60 min, whereas in the other experiments the decrease was only 4 to 6%. This greater decrease may be due to volume errors (when 3H-and "4C-labeled cultures were mixed) or partial lysis of "4C-labeled cells caused by the EDTA treatment.
complete ribosomal particles from the rRNA finished at the beginning of the treatment (assuming absence of ribosomal protein causes more rapid degradation of rRNA as in chloramphenicol-treated bacteria [13] ).
Effect of rifampin concentration. With 1 ,ug of rifampin per ml (after permeabilization), RNA synthesis was 90% inhibited; above 5 ,ug/ml no RNA synthesis was detectable (Fig.   4a ). In all other experiments reported here, 60 ;g of rifampin per ml was used. Above 10 ,qg/ml the rRNA breakdown was independent of the rifampin concentration (Fig. 4b) , making it unlikely that the experimental variability in the stability of rRNA (Fig. 2, 3 ) is due to a variation in residual RNA synthesis (leakiness) in the presence of rifampin. The difference between the zero points of the control (no rifampin) and the rifampin curve (Fig. 4b) is due to the EDTA treatment which was not used in the control (see below).
Effect of rifampin without EDTA and of EDTA treatment alone. When bacteria were treated with 60 gg of rifampin per ml without prior EDTA treatment, RNA synthesis decreased to near zero within 5 to 10 min as judged by the decreasing rate of incorporation of radioactive uracil (2-min pulse labels: about 50% decrease every 2 min). (In contrast, with EDTA treatment and 60 jsg of rifampin per ml initiation of RNA chains ceases within 5 s [4] . This time increases linearly with the reciprocal of the rifampin concentration [11] .) Under these conditions (rifampin alone, without EDTA treat- The higher values at 60 min presumably reflect the disappearance of the EDTA (permeabilization) effect, which can be overcome by using more than 10 ug of rifampin per ml. Radioactive RNA was determined as described in the legend of Fig. 3 . Incorporation in untreated bacteria was set at 100%. (b) Experiment as described in the legend of Fig. 1 ('IC-labeled culture) , except that various concentrations of rifampin were used. For zero rifampin concentration two points are shown, one with EDTA treatment (0) and one without EDTA treatment (0). The isotope ratio ("4C/3H) in this latter sample was set at 100%. Electrophoretic analysis (60 min after rifampin) was as described in the legend of Fig. lb. from four experiments; two are shown in Table  2 ). Hence, the effects of EDTA and rifampin are roughly additive. DISCUSSION Breakdown of ribosomes. Blundell and Wild (1) observed that ribosomes in rifampintreated E. coli MRE600 are altered. During 3 h of rifampin treatment, the polysomes decayed and dissociated to particles sedimenting more slowly than the normal 50S and 30S subunits. They concluded that the ribosomal particles had lost some protein, but that their rRNA, even after 3 h in the presence of rifampin, was intact. This result, which is in contrast to our fimdings, may be due to the absence of ribonuclease I (RNase I) in strain MRE600 (9) . Upon in vitro incubation of the altered ribosomal particles with commercial RNase (presumably pancreatic RNase I), Blundell and Wild (1) observed a rapid degradation of the rRNA under conditions that left the rRNA in particles from untreated cells intact. This means that during rifampin treatment the ribosomes are altered such that they become more susceptible to RNase. Since the rRNA in the RNase I-MRE600 strain remains stable but is degraded in the RNase I+ B/r strain, we suspect that RNase I is responsible for the degradation of rRNA observed in strain B/r, but it may also result from other strain differences.
Degradation of rRNA has also been observed when RNA synthesis was inhibited by actinomycin (18) or during starvation for uracil (13) . It is unlikely, therefore, that the degradation observed here is rifampin specific. We suspect that the degradation is related to the inhibition of RNA synthesis or, in particular, to the absence of mRNA and, thus, to the continuous dissociation of ribosomal particles.
In addition, it was observed here that a short EDTA treatment, as is widely used to increase the permeability of the bacterial membrane for antibiotics (15) , has also a long-lasting effect on the stability of ribosomes. The effect may result from the short magnesium starvation only, and may be related to the depletion of ribosomes during long magnesium starvation (16) , perhaps by releasing membrane-bound RNase I into the cytoplasm. Alternatively, it may be due to the continued presence of low concentrations of EDTA (10-4 M) in the growth medium during further incubation, which might affect some trace elements that may be required for ribosome stability. Since we were not primarily interested in the mechanism of RNA degradation we did not attempt to answer this question.
Implications for the estimate of rRNA chain growth and mRNA synthesis rate. In the previous experiments to measure the rRNA chain elongation (see Introduction), the radioactivity in ribosomal particles was analyzed 15 min after the addition of rifampin to the bacteria. The results of that analysis were not affected by ribosome degradation if both 50S and 30S particles were degraded at the same rate (see Discussion in reference 6). Figure lb (insert) indicates that this is essentially the case. This and the small extent of the breakdown within 15 min (about 15%, Fig. 2 ) suggest that the previous estimate of rRNA chain growth need not be corrected. (12, 17) gives no indication for an overestimation by the rifampin method (7; Fig. 3 
